Introduction {#S1}
============

Chronic myelomonocytic leukemia (Chronic myelomonocytic leukemia) is a clonal malignant hematological disorder characterized by monocytosis and myeloid dysplastic features ([@B1]). According to the World Health Organization (WHO) classification, it has been recognized as a distinct entity from myelodysplastic syndromes and grouped with other rare myeloid malignancies that combine myeloproliferative and dysplastic traits ([@B2]). Nowadays, the biological diagnosis of CMML is based on the presence of an increased level of monocytes in peripheral blood (PB) (\>10%, \>1 × 10^9^/L, for at least 3 months) ([@B3], [@B4]). However, it may be difficult to discriminate CMML from reactive monocytosis (\>1 × 10^9^/L) or prefibrotic myelofibrosis using only these criteria. For these reasons, multiparametric flow cytometry (MFC) was tested to evaluate the phenotypic profile in bone marrow (BM) or blood samples to find specific changes related to CMML. The study conducted by Shen et al. in 118 CMML patients, promotes integration of MFC data with other clinical and biological tools in the diagnosis of CMML ([@B5]). They evaluated all myeloid compartments (immature and mature) in BM aspirates and found alterations in granulocytic maturation in more than two-thirds of CMML patients ([@B5]). Likewise, they observed an increased expression of mature myelomonocytic markers on CD34^+^ myeloblasts, including CD64, CD15, and rarely, CD11b, in a small subset of CMML cases (20 of 118, 17%) ([@B5]). However, the authors observed that immunophenotypic changes in monocytes, using the criteria established by International Workshops from the European LeukemiaNet Working Group, are not specific for CMML or other MDS settings, but make the neoplastic process visible if present ([@B5]).

A startling idea suggests that monocyte subpopulations in blood are a "mirror of disrupted homeostasis and disease" ([@B6]). Therefore, it is worth evaluating for the mature monocyte compartment. Three subpopulations of mature monocytes (classical monocytes, noted hereafter as MO1; intermediate monocytes, MO2 and nonclassical, MO3) were described by the Nomenclature Committee of the International Union of Immunological Societies (NCIUIS) ([@B7]). This subdivision was validated using gene expression profiling ([@B8]--[@B10]). Recently, Selimoglu-Buet et al. demonstrated, in CMML patients, an increase in the fraction of MO1 CD14^+^/CD16^−^ monocytes (\>94% for a specificity of 95.1% and a sensitivity of 90.6%) at the expense of MO2 (CD14^+^/CD16^+^) and MO3 (CD14^+low^/CD16^+^) cell fractions ([@B11]).

The aim of this study was to evaluate by MFC, the monocyte subsets, using Selimoglu-Buet test in patients showing PB monocytosis and clinical suspicion of CMML compared to "healthy" subjects and to patients carrying other hematological diseases, in order to validate this test for routine practices. The test shows excellent sensitivity and specificity for CMML diagnosis, allowing exclusion of reactive monocytosis, and permitting monitoring of CMML treatment.

Materials and Methods {#S2}
=====================

Study Group {#S2-1}
-----------

The study group consisted of 63 cases of monocytosis or CMML suspicion analyzed in real time, which were referred to the Institut de Cancérologie Lucien Neuwirth between March 2016 and December 2017 for diagnosis or follow-up after chemotherapy. The diagnosis of CMML was established according to the current WHO criteria ([@B12]) by a combination of clinical findings, morphologic evaluation of PB, bone marrow specimens, conventional cytogenetic and molecular analysis. The "reactive" monocytosis was considered (1) in a context of transient monocytosis (\<6 months) or inflammatory disease, (2) when BM examination showed few or absent dysplastic signs, a normal karyotype and the absence of mutations by next-generation sequencing (NGS). The final distribution of the cases was CMML (*n* = 15), reactive monocytosis (*n* = 36), and hematological malignancies (*n* = 12), including chronic myeloid leukemia (*n* = 1), myelodysplastic syndromes (*n* = 2), acute myeloid leukemia (*n* = 4), multiple myeloma (*n* = 1), and myeloproliferative neoplasms (*n* = 4). In three patients with CMML and in one patient with reactive monocytosis, we evaluated both bone marrow and blood samples. In addition, monocytes subsets were evaluated in seven CMML samples (BM, *n* = 3 or PB, *n* = 4) during the clinical follow-up. Detailed characteristics of these groups are shown in Table [1](#T1){ref-type="table"}. Twelve age-matched healthy subjects were analyzed in order to evaluate the robustness of the gating strategy.

###### 

Patients characteristics.

                                                  Healthy donors (*n* = 12)   Reactive monocytosis (*n* = 36)   Chronic myelomonocytic leukemia (CMML) (*n* = 15)   Non-CMML (*n* = 12)
  ----------------------------------------------- --------------------------- --------------------------------- --------------------------------------------------- ---------------------
  **Samples type, *n***                                                                                                                                             
  Bone marrow                                     1                           4                                 10                                                  5
  Peripheral blood                                11                          32                                5                                                   7
  Age mean, *n* (range)                           64 (41--92)                 67 (12--89)                       80 (62--91)                                         71 (64--86)
  **Gender, *n***                                                                                                                                                   
  Male                                            6                           25                                8                                                   6
  Female                                          6                           11                                7                                                   6
  Monocytes count (mean, *n* x 10^9^/L) (range)   0.55 (0.28--0.78)           2.49 (0.08--26.86)                3.88 (1.4--21.92)                                   2.30 (1.49--3.58)
  CMML 1/CMML 2                                                                                                 14/1                                                

The "Comité de Protection des Personnes" (Independant Ethics Committee) Sud-Est 1 from University Hospital of Saint-Etienne, France has reviewed and has given ethical approval for the study. All patients gave informed consent according to the institutional procedures.

MFC Staining and Analysis {#S2-2}
-------------------------

Multiparametric flow cytometry analysis of monocyte subsets was performed on whole PB and BM samples collected on EDTA. Erythrocyte lysis was performed using FACS lysing solution (BD Biosciences, CA, USA). Cell surface staining of 10^6^ cells was performed using a combination of antibodies (Table [2](#T2){ref-type="table"}) for 15 min at room temperature, sheltered from light. At least 300,000 total events and 30,000 events in the monocyte subpopulation were acquired (FACS Canto II, BD Biosciences). Data were analyzed using Diva software version 6.1.3 (BD Biosciences). Cytometer settings were established conforming to EuroFlow procedures, and the instrument quality control was checked on a daily basis ([@B13]). The monocyte subsets were identified following an exclusion gating strategy as described by Selimoglu-Buet ([@B11]). Briefly, monocytes were gated on a CD45/SSC dot plot followed by the exclusion of T lymphocytes expressing CD2, of NK lymphocytes expressing CD2, CD16, and CD56, of memory B-lymphocytes CD24^+^, of other residual contaminating cells CD14^−^ and CD16^−^, and of granulocytes expressing CD16^+high^. Thereafter, the CD16 and CD14 markers were used to discriminate the subsets of mature monocytes (MO1 CD14^+^/CD16^−^, conventional monocytes; MO2 CD14^+^/CD16^+^, intermediate monocytes; and MO3 CD14^low^/CD16^+^, unconventional monocytes) (Figure [1](#F1){ref-type="fig"}). The distribution of monocytes in different subsets was reported as the percentage of the total monocytes. Furthermore, we assessed monocyte distribution stability by measuring MO1, MO2, and MO3 fractions in different time points: within 24 and 48 h after harvesting (*n* = 5).

###### 

List of antibodies used for multiparametric flow cytometry.

  Antigen   Antibodies              Clone (isotype)                     Fluorochrome             Company               Reference
  --------- ----------------------- ----------------------------------- ------------------------ --------------------- -----------
  CD45      Mouse anti-human CD45   HI30 (mouse IgG1, κ)                Pacific orange (V-500)   Beckton Dickinson     560777
  CD24      Mouse anti-human CD24   ML5 (mouse IgG2a, κ)                PE                       Beckton Dickinson     555428
  CD2       Mouse anti-human CD2    TS1/8 (mouse IgG1, κ)               Pacific blue (V-450)     Biolegend             309216
  CD14      Mouse anti-human CD14   MφP9 (mouse BALB/c IgG2b, κ)        APC-H7                   Beckton Dickinson     641394
  CD16      Mouse anti-human CD16   CLB-FcR-gran/1, 5D2 (mouse IgG2a)   FITC                     PeliCluster Sanquin   M1389
  CD56      Mouse anti-human CD56   N901, NKH-1 (mouse IgG1)            PE-CY7                   Beckman Coulter       A21692

![Gating strategy used in multiparametric flow cytometry analysis to detect different subsets of monocytes. Doublets exclusion on FSC-A/FSC-H dot plot **(A)**. Live cells on FSC-A/SSC-A **(B)**. Monocytes identification as CD45^+^/SSC intermediate cells **(C)**. Invert gate and exclusion of cells expressing CD24^+^, granulocytes expressing CD16^+high^, and lymphocytes expressing CD56^+^ and CD2^+^ **(D--G)**. Exclusion of residual cells CD14^−^ CD16^−^ **(H)**. Characterization of human monocyte subsets into CD14^+^/CD16^−^ (MO1, conventional), CD14^+^/CD16^+^ (MO2, intermediate), and CD14^low^/CD16^+^ (MO3, unconventional) subsets **(I)**. Cell hierarchy **(J)**.](fonc-08-00109-g001){#F1}

Morphologic Examination {#S2-3}
-----------------------

The light microscopic assessment of PB smears and BM aspirates evaluated after May--Grunwald--Giemsa staining was performed for each case by two experimented pathologists. The dysplastic changes were reported according to WHO recommendations ([@B12]).

Next-Generation Sequencing (NGS) {#S2-4}
--------------------------------

Genomic DNA samples were tested in 13/15 CMML patients, by NGS, using a custom designed myeloid panel, based on an AmpliSeq strategy (Life Technologies, CA, USA). The panel addressed 24 recurrently mutated genes in myeloid malignancies: *ASXL1, CALR, CSF3R, DNMT3A, EZH2, FLT3, GATA2, IDH1, IDH2, JAK2, KIT, KRAS, NPM1, NRAS, PTPN11, RUNX1, SETBP1, SF3B1, SRSF2, TET2, TP53, U2AF1*, and *WT1*. Libraries were constructed using the Ion AmpliSeq Library Kit v2.0 according to the manufacturer's instructions. Amplification of libraries, loading on 316 chip V2, was performed with the Ion Chief System^®^, while sequencing was executed using the Ion PGM^®^ machine (Life Technologies). Ion Reporter^®^ and NextGENe^®^ v.2.3.4 (SoftGenetics, USA) software were used to perform bioinformatics analysis, including optimized signal processing, base calling, sequence alignment (hg19 reference), and variant analysis. Variants detected with a frequency of 2% or higher on both strands were considered as present. Sanger sequencing was performed for all patients to identify the ASXL1 c.1934dupG (p.G5646Wfs\*12), as this mutation, occurring in a homopolymer region, is not detected with our NGS approach. Furthermore, all variants not referenced as mutational hotspots in international databases (Ensembl, Cosmic, IARC TP53), and detected with a VAF \>20%, were confirmed by Sanger sequencing.

Karyotype {#S2-5}
---------

Bone marrow samples for cytogenetic analysis were obtained for 13/15 CMML patients at the time of diagnosis. Karyotypes were analyzed after 24-h culture following standard procedures. The chromosomes were stained by R- and G-banding. At least 20 metaphases were analyzed. Results were interpreted and reported according to the International System for Human Cytogenetic Nomenclature (ISCN, 2013 and 2016) ([@B14]).

Statistical Analysis {#S2-6}
--------------------

The nonparametric Fisher's test was used to compare distributions between groups. Cut-offs were estimated in the learning cohort by maximizing the Youden index (J = sensitivity + specificity − 1). These cut-offs were compared to the classical CD14^+^/CD16^−^ monocyte count cut-off of 1 × 10^9^/L.

Analysis and figure plotting were performed with GraphPad Prism 5 software (GraphPad, CA, USA).

Results {#S3}
=======

Distribution of Monocyte Subsets {#S3-1}
--------------------------------

The relative frequencies of monocyte subsets in the "healthy" group were 87.04% ± 3.7 MO1, 4.2% ± 1.79 MO2, and 8.7% ± 3.98 MO3 and in patients with reactive monocytosis 82.7% ± 13.61 MO1, 8.4% ± 11.97 MO2, and 8.6 ± 6.41 MO3 (Figure [2](#F2){ref-type="fig"}A). CMML cases demonstrated a significant increase in MO1 percentage (*p* \< 0.001) compared to MO2 and MO3 subsets in PB (97.2% ± 4.0 MO1, 1.8% ± 1.8 MO2, and 0.9% ± 2.3 MO3) and in BM (98.7% ± 3.5 MO1, 0.6% ± 0.9 MO2, and 0.5% ± 2.9 MO3) (Figure [2](#F2){ref-type="fig"}A). In CMML patients, dysplastic signs of one or more BM myeloid cells were observed, along with the presence of clonal genetic abnormalities (the most frequent mutations were *ASXL1*: *n* = 6/13 patients, *SRSF2*: *n* = 7/13 patients, and *TET2*: *n* = 9/13 patients) (Table [3](#T3){ref-type="table"}). 4/13 CMML patients harbored an abnormal karyotype: three patients presented recurrent alterations found in myeloid malignancies (monosomy 7, trisomy 8, and trisomy 14), whereas the fourth one presented genetic abnormalities which were non-recurrent in myeloid diseases.

![Repartition of monocytes subsets in different groups of cases. Monocyte subset repartition in distinct groups \[*n* = 12 "healthy subjects," *n* = 15 chronic myelomonocytic leukemia (CMML), *n* = 36 reactive monocytosis, *n* = 12 hematological diseases or non-chronic myeloid leukemia (CMML) (*n* = 1), MDS (*n* = 2), AML (*n* = 4), myeloma (*n* = 1), and myeloproliferative syndromes (*n* = 4)\]. For each group, the monocytes subsets expressed as percentage of total monocytes are displayed **(A)**. Relative frequencies of the MO1 subset in different groups (*n* = 12 "healthy subjects," *n* = 12 non-CMML, *n* = 36 reactive monocytosis \>1 × 10^9^, *n* = 5 peripheral blood CMML, and *n* = 10 bone marrow CMML) **(B)**. Fisher test was performed in order to compare each group of cases with healthy subjects. \*\*\**p* \< 0.001.](fonc-08-00109-g002){#F2}

###### 

Mutational profile of chronic myelomonocytic leukemia patients.

                                                                  1   2   3   4   5   6   7   8   9   10   11   12   13
  --------------------------------------------------------------- --- --- --- --- --- --- --- --- --- ---- ---- ---- ----
  *TET2*                                                                                                             
  *ASXL1*                                                                                                            
  *SRSF2*                                                                                                            
  *IDH2*                                                                                                             
  *SF3B1*                                                                                                            
  *SETBP1*                                                                                                           
  *CSF3R*                                                                                                            
  *NRAS*                                                                                                             
  *NPM1*                                                                                                             
  *PTPN11*                                                                                                           
  *DNMT3A*                                                                                                           
  *JAK2*                                                                                                             
  *FLT3*                                                                                                             
  *KIT*                                                                                                              
  *RUNX1*                                                                                                            
  *WT1*                                                                                                              
  *U2AF1*                                                                                                            
  *EZH2*                                                                                                             
  *IDH1*                                                                                                             
  *KRAS*                                                                                                             
  *CALR*                                                                                                             
  *TP53*                                                                                                             
  Trisomy 14                                                                                                         
  Monosomy 7                                                                                                         
  Trisomy 8                                                                                                          
  Other genetic abnormalities non-recurrent in myeloid diseases                                                      
  Normal karyotype                                                                                                   

*Red color shows the presence of molecular abnormalities and violet color shows the presence of chromosomal abnormalities in each patients*.

Patients carrying other myeloid malignancies showed a similar pattern of monocyte distribution to those having reactive monocytosis (87.1% ± 7.07 MO1, 5.4% ± 5.79 MO2, and 7% ± 4.65 MO3) (Figure [2](#F2){ref-type="fig"}B).

Interestingly, we observed changes in MO1, MO2, and MO3 distribution in two CMML samples when MFC was performed at 24 and 48 h after harvesting. While MO1 percentage was consistent with CMML at 24 h (\>96%), the analysis at 48 h showed a monocyte profile that was similar to that observed in reactive monocytosis (Figure [3](#F3){ref-type="fig"}B).

![Abnormal repartition of monocyte subsets in chronic myelomonocytic leukemia (CMML). Evaluation of the MO1 percentage cut-off subset in peripheral blood (PB) (*n* = 5) and bone marrow (BM) (*n* = 10) in the CMML group **(A)**. The MO1 percentage cut-off points were compared with the threshold set (1 × 10^9^/L) for the PB monocytosis. The differences between the values obtained in the MO1 percentage in BM and PB for the CMML group compared with those detected in the healthy subjects were statistically significant (\*\*\**p* \< 0.001; Fisher test). Representative example for the differences observed in the distribution of monocytes subset when the test was performed at 24 and 48 h after sample harvesting. The monocytes subsets are expressed as a percentage of total monocytes **(B)**.](fonc-08-00109-g003){#F3}

The Contribution of MFC in Detection of CMML Monocytosis {#S3-2}
--------------------------------------------------------

The statistical analysis showed that the cut-off percentage of MO1 suggestive of CMML in PB was 95% (97% specificity, 100% sensitivity, *p* \< 10^−4^, χ^2^ test, Youden index = 0.97) and 93% in BM (100% specificity, 100% sensitivity, *p* \< 10^−4^, χ^2^ test, Youden index = 1) (Figure [3](#F3){ref-type="fig"}A). Using these cut-offs, the MFC screening test was consistent with CMML diagnosis in 100% (15/15) of the cases evaluated in BM samples. The MFC results were in concordance with BM cytology, karyotype, and molecular biology. In 100% of CMML cases, the MO2 percentage was \<2%, whereas in reactive monocytosis cases it was always \>2% (*p* \< 0.001). Four reactive monocytosis cases presented high percentage of blood MO1 monocytes (\>95%), but with MO2 percentage \>2%. In addition, the monocyte subpopulations screening by MFC was performed in two AML NPM1^+^ patients in remission, showing a persistent monocytosis and dysplastic signs in BM evaluation, after consolidation therapy in one case, and after allogeneic stem cell transplantation for the second case. In both cases, an increased level of MO1 monocytes (\>96%) was detected by MFC. NGS revealed, in these cases, respectively, a *TET2* and an *IDH2* mutation.

Monocyte Subset Profile During Follow-Up {#S3-3}
----------------------------------------

The monocytes profile evaluation was performed in seven CMML cases during hypomethylating agents (HMA) treatment (4 PB and 3 BM samples). A significant decrease in the percentage of MO1 monocytes was observed in four patients (patients 4, 5, 6, and 7; Figure [4](#F4){ref-type="fig"}A) (mean of the group 77.05% ± 0.14 for MO1, 10% ± 0.03 for MO2, and 12.20% ± 0.12 for MO3) along with a return to normal values of monocyte counts (\<1 × 10^9^/L). Figure [4](#F4){ref-type="fig"}B shows a representative example of a good response to HMA therapy. A persistence of CMML monocytosis was observed in three patients (patients 1, 2, and 3) along with an increased percentage in MO1 \>95% (mean of 96.3% ± 0.02 for MO1, 2.5% ± 0.006 for MO2, and 2.3% ± 0.01 for MO3) (Figure [4](#F4){ref-type="fig"}A). The MFC results were confirmed in patients 1--3 by cytological analysis, and persistence of dysplastic signs in BM myeloid cells was reported.

![The profile of the monocytes subsets during chronic myelomonocytic leukemia (CMML) follow-up. Relative frequencies of the MO1 subsets at the diagnosis point (dark bar) versus follow-up (white bar) (*n* = 7 CMML patients). MO1 are expressed as a percentage of total monocytes **(A)**. Representative example for the evolution of % MO1 classical monocytes during the follow-up in a CMML case with good response to the hypomethylating agents therapy **(B)**.](fonc-08-00109-g004){#F4}

Discussion {#S4}
==========

With overlapping MDS and MPN features, CMML displays a complex biological and clinical heterogeneity, which is not reflected by the mutational landscape ([@B15]). This is illustrated by the absence of disease-relevant mutations that can recapitulate the CMML phenotype in mouse models ([@B15]).

The exhaustive studies evaluating BM myeloblasts, monocytes, and granulocytes showed the existence of multiple MFC abnormalities in myeloid compartments in CMML, which are closer to MDS than MPN, but also unspecific for CMML ([@B5], [@B16]). However, evaluation by MFC of all myeloid compartments in BM is a complex, expensive, time-consuming procedure. Therefore, MFC testing of PB monocyte subsets using a limited number of antibodies in one single tube is a promising tool for the differential diagnosis between CMML and reactive monocytosis ([@B11]). We confirm that this method is rapid and efficient in PB (NPV = 1, PPV = 0.8) and in BM (NPV = 1, PPV = 1). Significant thresholds for MO1 monocytes in CMML were observed in PB (\>95%) and BM (\>93%) was not previously described. The addition of MO2 evaluation to that of MO1 allowed us to reach the same levels of sensitivity and specificity in PB as in BM, as four cases with a percentage of MO1 \>95% were reassigned to a diagnosis of reactive monocytosis.

The major drawback of this test is the choice of thresholds between MO1, MO2, and MO3 subpopulations. The previously published studies used an automated clustering algorithm called spanning-tree progression analysis of density-normalized events (SPADE) to confirm the gating strategy (Cytobank software) in order to avoid gaiting errors ([@B11], [@B17]). Therefore, in order to improve our gating strategy, an evaluation of some cases using the Infinicyt software (version 1.8) was carried out. Although, for healthy controls and reactive monocytosis the automatic population separator analysis helped for better identification of the MO1, MO2, and MO3. However, this method was not efficient in CMML cases (data not shown). We also studied the stability of monocyte subset distribution during the sample storage. We showed that the delay between sampling and testing should not exceed 24 h in order to avoid the decrease in MO1 and the increase in MO2 subsets. This pre-analytical issue has not been described in previous studies, but can explain false negative results and a lack of specificity.

A return to normal values of monocytic subtypes could be used as a simple marker in the disease follow-up. Our preliminary data revealed a normal pattern of monocytes distribution in CMML patients in remission, but further studies are needed to evaluate the usefulness of this test for disease monitoring. Three patients who showed persistent abnormal monocyte distribution had unfavorable molecular prognostic factors (i.e., *ASXL1, TET2, SRSF2*, and *IDH2* mutations) which correlated with poor response to HMA therapy.

Furthermore, this test was performed in two AML patients in remission, who exhibited constant monocytosis during treatment. MFC testing revealed an increase in MO1 subpopulation \>96% which was in line with NGS findings showing a *TET2* and an *IDH2* mutation, respectively. Mutations in epigenetic modifying enzymes, such as TET2 and IDH2, are highly prevalent in CMML ([@B18]--[@B20]) and associated with DNA hypermethylation ([@B21], [@B22]). The diagnosis of secondary CMML was set in these cases by corroborating evidence with other biological tests and clinical manifestations.

In conclusion, using only blood monocytosis criteria, the diagnosis of CMML is difficult when dysplasia is not evident. BM cell karyotype may comfort CMML diagnosis, but anomalies are observed only in a minority of cases (less than 30%) and are not specific to this disease. Our findings suggest a hierarchy of biological tests for CMML diagnosis, first relying on the MFC test of blood samples to exclude non-CMML patients from further invasive procedures. The NGS test is in search of recurrently mutated genes in myeloid malignancies and a complete evaluation including BM exploration could be reserved for patients with abnormal MFC results.
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